Modern 3D seismic surveys are often of such good quality and 3D interpretation packages so user-friendly that seismic interpretation is no longer exclusively carried out by geophysicists. This ease-of-use has also been extended to more quantitative workflows, such as 3D prestack inversion, putting it in the hands of the "nonexpert" -be it geologist, engineer, or new-hire geophysicist. Indeed, given good quality input seismic data, almost any interpreter who can generate good well ties and define an accurate background model of P-impedance, S-impedance, and density can generate a quality prestack inversion. Two of the authors are new geophysicists who fell into the prestack inversion "pit." Fortunately, they were able to recognize that something was wrong. We applied prestack inversion to gathers that were carefully reprocessed by a major service company. The problem, however, was not with the processing, but with our lack of understanding of the input legacy data that formed part of a larger "megamerge" survey. Not all of the surveys that were merged had the same offset range. In the migration step, gaps in long offsets of the older surveys were not muted. Migration noise from newer surveys was allowed to fill this space. We share our initial workflow and suspicious results. We also clarify the meaning of "fold" and "offset" for prestack-migrated gathers. In addition to presenting some QC tools useful in analyzing megamerge surveys, we show how, by limiting the offsets used in our prestack inversion, we obtain less aggressive but still useful results.
Introduction
Much of the midcontinental USA, including Texas, is covered by legacy 3D seismic surveys. During the period of low oil prices in 1980s and 1990s, many of these properties were sold, traded, or consolidated, while licenses to the 3D surveys were in turn traded to data brokers in exchange for seismic data over areas of more active interest. Most data brokers (some of whom are major service companies as in this study) pride themselves in their ability to pull more information out of legacy data. They do this in two ways. First, they reprocess the data using modern surfaceconsistent statics, noise-reduction, spectral balancing, and seismic imaging techniques. Second, they merge the prestack data with adjacent surveys, thereby increasing the migration aperture, resulting in improved lateral resolution of steeply dipping faults, channel edges, and other discontinuities, particularly near the internal edges of the surveys that form the megamerge. Such processing can be difficult.
The megamerge survey discussed in this paper was acquired with dynamite in some areas, and vibroseis with different sweeps and number of vibrators in other parts of the survey. The geophones may be grouped in different arrays and may have different spectral responses. It is common for the shot and receiver line spacing and also for the line orientations to change from survey to survey. Nevertheless, careful processing can produce significantly improved results. Using the stacked version of the data discussed here, Del Moro et al. (2013) illustrate the improvements of the megamerge versus a unmerged legacy survey in mapping incised Pennsylvanian age Red Fork channels using seismic attributes.
The advent of shale, tight sand, tight lime, and other resource plays has renewed interest in these legacy surveys. Most resource plays are exploited through horizontal drilling followed by either hydraulic fracturing, acidation, or both. In addition to identifying horizontal drilling hazards (geohazards), we wish to better quantify the geomechanical properties (for hydraulic fracturing) and lithology (for higher porosity sweet spots) through the use of prestack impedance inversion.
The survey of interest was shot at various times, beginning in the mid-1990s. CGGVeritas acquired licenses for these surveys, shot infill data where necessary, and carefully reprocessed them, resulting in a megamerge survey (Figure 1 ). Many of these surveys were 1 University of Oklahoma, ConocoPhillips School of Geology and Geophysics, Norman, Oklahoma, USA. E-mail: sumit.verma@ou.edu; kmarfurt@ ou.edu.
shot to map Pennsylvanian-age Red Fork sandstones. Although the Red Fork is the focus of this paper, the major focus of most of the operators is now on the deeper Mississippian-age Woodford Shale, Mississippi Lime, and Hunton Limestone resource plays (Figure 2 ).
We encountered a pitfall while attempting prestack impedance inversion of the megamerge survey. The data were very carefully reprocessed, with most of the events quite flat and relatively noise free on common reflection point gathers. Our objective was to use prestack inversion to identify what are known as "invisible" Red Fork sands -sands that are not seen on conventional stacked or P-impedance seismic data volumes where polarity reversals give rise to a low-amplitude stack. Such sands are commonly logged while drilling for deeper Woodford Shale objectives. Barber and Marfurt (2010) applied fluid substitution to such wells in a neighboring county and similar megamerge survey, and hypothesized that there should be a shear impedance anomaly if the data could be processed using prestack inversion.
We begin with data description and follow up with an overview of the assumptions required by prestack inversion. Next, we briefly review prestack migration, explaining the meaning of offset and fold on commonoffset migrated results. This background allows us to discuss the pitfall that befell us. We show the suspicious Figure 1 . Location map of Anadarko basin area on map of Oklahoma, and location of study area in Anadarko basin marked by green boundary (modified from Northcutt and Campbell, 1988) . results, and follow with some simple quality control plots and representative CRP gathers that illustrate what happened. With this understanding, we performed a less-aggressive (offset-limited) prestack inversion and quality control the results. We conclude with a summary of the pitfall, as well as a series of steps that should be included in a conventional workflow, which will alert the interpreter to its occurrence.
Data description
The study area is located in the eastern part of Anadarko Basin in west central Oklahoma (Figure 1 ). The target is the Red Fork sand of Middle Pennsylvanian. It lies approximately at a depth of 2680 m (∼8800 ft) and is composed of clastic facies deposited in deep marine (shale/silt) to shallow water fluvial dominated environment. The Red Fork sand is sandwiched between limestone layers, with the Pink lime on top and the Inola lime on the bottom (Figure 2 ). The Oswego lime that lies above the Pink lime and Novi lime that lies below the Inola lime, are very prominent reflectors mapped on seismic amplitude data.
There are 21 wells with P-wave sonic and density logs distributed throughout the survey. In addition, two of these wells also have shear sonic logs. The prestack data from six different surveys were phase matched and prestack time migrated, which together resulted in common reflection point gathers (CRP), covering approximately 630 km 2 (245 mi 2 ). These gathers, along with the well logs, served as input to prestack inversion to estimate the lithology of the different architectural elements of the incised channel system.
The poststack seismic had a 65%-85% correlation with the synthetics generated at the wells. The prestack data were converted from 300 to 5200 m (∼1000− 17;100 ft) offset gathers to 2°-42°angle gathers using a well (sonic log) velocity model. We prepared lowfrequency P-impedance, S-impedance and density background models from the 21 wells and four seismic horizons. The background models incorporate strong impedance changes at limestone/clastic boundaries. Following a standard workflow (Hampson and Russell, 1990; Hampson et al., 2005; Russell et al., 2006) , we extracted wavelets for 2°-15°, 14°-28°, and 27°-42°angle-limited stacks. Then, using Fatti's equation (equation 1), we imultaneously inverted three angle limited stacks to obtain P and S-impedance. We will revisit the assumptions of the inversion workflow in the next section.
We expected that fold would be a good measure of seismic data quality. Prior to prestack inversion we not only examined the fold in the headers, but also computed the fold using the inversion software. The astute reader may now see us walking toward the pit. We were reassured to find that the megamerge survey had good, consistent fold throughout, ranging between 25 and 30 ( Figure 3) .
Although the major stratigraphic features, including fluvial channels and overbank deposits were well resolved, the resulting P-impedance (Z P ), as well as S-impedance (Z S ) images were suspicious where white arrows indicate linear artifacts and black arrows indicate circular artifacts ( Figure 4 ). We wanted to know the reason behind the creation of such artifacts. We therefore begin our analysis on the input data that went into the megamerge seismic data as well as a review of the assumptions made by our inversion process.
Pitfall analysis Input data
We did know that of the six constituent seismic surveys, the first acquisition survey was carried out by Amoco in 1993 followed by two connected surveys, also by Amoco, in 1994 and 1996 (Peyton et al., 1998) , using hardware and best practices available at that time. These surveys covered the northeast part of the megamerge survey area. Other operators acquired seismic surveys imaging in the adjacent acreage from the years 1999-2005 with relatively larger source-receiver offsets. Further analysis will reveal these larger source-receiver offsets to be about 4600 m (15,000 ft). In 2006, the data from different companies were licensed to CGGVeritas. CCGVeritas acquired some additional data to fill in important gaps prior to merging all the component surveys into a single prestack dataset using modern (year 2008) statics solutions, noise attenuation, and seismic imaging technology.
Assumptions for prestack inversion
We use commercial software prestack seismic inversion based on Fatti et al.'s (1994) approximation to the Zoeppritz equations
where Z P ¼ average or background model P-impedance, Z S ¼ average or background model S-impedance, ΔZ P and ΔZ S ¼ the vertical change in P-and S-impedances, and θ ¼ the angle of incidence. The modeled prestack response using equation 1 was tied to a well in the survey ( Figure 5 ). The synthetic represents an NMO-corrected gather such that the reflectors are aligned. Examining the reflector marked by the red line shows amplitudes becoming more negative with increasing angle of incidence, θ. In conventional AVO analysis, we would simply measure this change and call it the amplitude "slope" or "gradient" while the value at θ ¼ 0 0 would be called the "intercept." Many modern prestack inversion software implementations use iterative modeling based on either simulated annealing or genetic algorithms using equation 1 to fit the data and thus estimate Z P and Z S .
The derivation of the gradient term, or alternatively estimation of Z P and Z S , requires the reflectors to be aligned across the incident angle. Although it is well understood that the inversion on misaligned prestack gathers produces incorrect results, users can easily encounter a pitfall if they do not carefully examine the data or have too much faith in their technology. Such residual moveout is best corrected by residual velocity analysis, although trim statics may work within a relatively small analysis window. The red curve in Figure 5c shows the plot of amplitude variation with angle of the synthetic modeled for 0°-45°corresponding to the picked horizon in Figure 5a . In Figure 5b , we replace the farther 25°-45°angles in the gather with zero amplitude traces. The gradient corresponding to the amplitudes along the cyan pick in Figure 5b are displayed as the cyan curve in Figure 5c . Obviously, this latter amplitude variation with the angle will generate an inaccurate gradient and inaccurate estimate of Z P and Z S .
Modeled to measured data misfit
To better understand the problem, we examined a suite of migrated CRP gathers at different locations across the megamerge survey ( Figure 6 ). We note that the reflector along the green Oswego pick has strong amplitudes aligned up to offsets of 4250 m (∼14;000 ft) at location A. At location C (Figure 6c ), the alignment is good to about 4000 m (∼12;000 ft). At locations B and D (Figure 6b and 6d) , this event is aligned up to only 3050 m (∼10;000 ft). Beyond this point, the amplitudes are close to zero.
To validate our impedance inversion, we generated the synthetic data with the inversion products. Then, we subtracted the synthetic from the original gathers and created a mean squared error volume. A horizon slice through this error volume along the top Oswego shows that the highest error areas (appearing as red) are in the northeast and east side of the megamerge survey (Figure 7 ). This includes the gathers shown in Figure 6b and 6d. This area also corresponds to the suspicious artifacts seen on the Z P and Z S slices shown in Figure 4 . The best fit was in the northwest part of the survey, which includes the gather shown in Figure 6a . An interpreter might use Figure 7 to risk-weight the impedance estimates shown in Figure 4 .
Offsets, fold, and prestack migration
The pitfall occurs when one does not understand the mechanics of prestack common-offset migration and what this does to the concepts of fold. To be specific, we will base our arguments on prestack common-offset Kirchhoff migration, though the concepts are appropriate to wave equation and reverse time migration as well. Unlike 2D data, which will often have a finite discrete number of source-receiver offsets, 3D data will have an almost continuous distribution of source-receiver offsets. Early common-offset migration algorithms introduced the concept of an offset "bin." Each trace corresponding to a given source-receiver pair is accurately migrated using an offset measured to a fraction of a meter, then added to a result that has been binned to say, the nearest 100 m, thereby forming a "partial stack." A more recently introduced variation is to define irregular width annular offset bins, each of which contains approximately the same number of traces. Yet another "offset vector-tile" implementation is closely tied to a specific acquisition design, and is designed to produce migrated gathers suitable for azimuthal anisotropy analysis. In this case, traces with sourcereceiver offsets and azimuths that fall within a (typically square) tile will be independently migrated and formed into a partial stack for that tile.
Our megamerge data contains data that were acquired at different times by different companies using different sources, receivers, and recording systems. Specifically, the more modern 2000-2005 constituent surveys contain larger offsets (up to approximately 5200 m) than the older 1993-1995 vintage surveys (up to approximately 2700 m). To accommodate the newer data, the megamerged survey is migrated using offset bins that ranged between 0 and ≈5000 m.
One can think of prestack Kirchhoff migration as taking every sample of the unmigrated data and projecting it onto a 3D ellipsoid. The shape of the ellipsoid is a function of the two-way traveltime of the sample and the migration (time or depth) velocity model. These ellipses are truncated laterally by a value called the "migration aperture." If one were to take a sample at a twoway traveltime of 4 s and migrate it with a velocity of 5000 m∕s, it could image a reflector or diffractor 10,000 m away. Such large apertures are common for deep-water marine data to image overturned flanks of salt dome where the water velocity is accurately known and the attenuation is often moderate. For land Interpretation / August 2013 A5 data, extremely large migration apertures are usually avoided, not only for cost, but because of problems in accurately defining the attenuation and velocity models. This restricted approach is more common in relatively flat-lying areas such as those imaged by this survey. We do not know the migration aperture used for this megamerge, but a reasonable guess would be somewhat less than 5000 m. Using this number, we then found that the far offset data acquired in the northwest part of the survey would be migrated or "swung" 5000 m into areas covered by the short-offset vintage surveys. Interpreters commonly encounter such "migration swings" on migrated stacked data volumes at the edges of their surveys or underneath obstacles such as towns and lakes. Thus, the "data" at the farther offsets shown in Figure 6b , Figure 6c , and 6d are not from the overlying survey, but rather migrated noise from an adjacent, more modern survey. Far offsets that have little to no data in them will appear to have been "padded" with near-zero value traces. A small amount of migration swing will cause a trace to have data in it, preventing it from being flagged as "dead." Thus, the fold map represents the 30 offset bins of the migrated data, not the fold of the original unmigrated surveys (Figure 3) . The lower fold seen in the northeast corner of the megamerge clearly shows the circular limits corresponding to the migration aperture from the corners of neighboring longer offset constituent surveys.
Validation of our hypothesis
The original input surveys and their acquisition and processing information were not available; the only seismic data available were the gathers of the migrated megamerged survey. To identify the usable offset ranges for the data, we picked the peak, which corresponds to the Oswego lime horizon on the full stack volume, and generated horizon slices through a suite of offset-limited stacks. Because of the AVO effects, we do not expect these slices to show a consistent polarity. Figure 8a-8c shows a nearly constant blue value corresponding to a positive peak for offset-limited stacks of 0-1520 m (∼0−5000 ft), 1520-2450 m (∼5000−8000 ft), and 2450-3350 m (8000-11,000 ft). The change from blue (positive) to green (less positive) values in Figure 8c is an acceptable AVO effect. However, as we examine the horizon slice through the offset-limited stack at 3350-4250 m (∼11000−14000 ft), we note lower (positive and negative) amplitudes and less continuous anomalies in the northeast part of the megamerge survey. Finally, the horizon slice through the offset-limited stack of 4250-5200 m (∼14000−17100 ft) shows zero or near-zero amplitude (white area) in the northeast corner of the megamerge corresponding to the shorter offset acquisition of the 1993-1995 Amoco surveys (Peyton et al., 1998) . Note the circular migration "impulse responses" seen in this part of the survey where some of the more modern, longer offset infill data have been migrated into the shorter offset data.
The solution -Inversion using shorter offsets
Given the result of this analysis, it is inappropriate to use the images shown in Figure 4 for the entire survey. To obtain a uniform quality inversion for the entire survey, we limit the offsets of our inversion to the range 0-2750 m (0-9000 ft). At the target Red Fork horizon (below the Oswego), these offsets correspond to an angle range of 2°-22°. Such a near angle limitation precludes inversion for density (Aki and Richards, 1980) ; however, we can still invert for Z P and Z S using equation 1, though with lower confidence (Plessix and Bork, 2000) than we had originally anticipated using larger angles. We use the same low-frequency background model as for Figure 4 , but this time extract three wavelets for inversion at 2°-9°, 9°-15°, and 14°-22°. The prestack simultaneous inversion shown in Figure 9 has none of the artifacts seen in Figure 4 . The background amplitude varies relatively smoothly, showing the incised channels of variable fill more clearly. -14 ;000 ft), and (e) 4250-5200 m (∼14;000-17;100 ft). The Oswego Lime was interpreted as a strong peak in the stacked seismic volume. Amplitude changes in (c) may be valid AVO effects. Often, inaccurate velocities (including anisotropic effects) result in misaligned gathers giving rise to zero crossings and troughs at far offsets. However, note how the amplitude approaches zero in the top right corner of the megamerged survey in (d and e) indicating that these large offsets were never recorded in these areas. White polygons in (c) indicate amplitude anomalies that will be used in subsequent quality control. White arrows indicate the major highways. Readers interested in the geologic analysis of these incisions should refer to Del Moro (2012) .
Following our earlier quality control steps, we compute the squared difference between the modeled and measured data for 2°-22°, and display a time slice along the Oswego top through the error volume in Figure 10 using the same color bar and scale as in the 2°-42°in-version shown in Figure 7 . Although we have restricted the input seismic to 2°-22°to avoid the error, we still see some areas of misfit, such as about the north-northwest-south-southeast trending highway imaged using the 1993 acquisition. Interestingly, the east-west trending highway to the south is much more heavily traveled but was acquired by a more recent survey. The pink polygon in Figures 9 and 10 appears to be associated with subsurface geology though not with the channels, or to the present day river flowing in northwest-southeast direction. This suggests that the offset restriction of 0-4250 m is good for most of the areas, but the actual offset range was even smaller than 4250 m in some areas. A more careful inversion would be adaptive for different angle ranges in different parts of the megamerge survey.
Conclusions
Legacy seismic data acquired by different companies using different acquisition parameters over adjacent acreage can be merged into a larger survey that can be subsequently imaged using a larger migration aperture, thereby improving lateral resolution. "Fold" on migrated data traces should be suspect, and depends on whether the processor retained the fold of the input surveys through the complete data equalization and reprocessing flow, or carefully computed the illumination at each subsurface point using a more sophisticated imaging technique. Fold count after migration can be misleading as a proxy to measure signal strength.
If a given input survey is acquired using shorter offsets, Kirchhoff and other common-offset migration algorithms will generate numerical noise on the padded far offset empty traces. It can also generate steeply dipping signals. In general, such far offsets should not be used in prestack inversion. Because of migration "swings," these unilluminated offsets will rarely, if ever, be zero, making automatic detection of dead traces difficult. This leads the unsuspecting interpreter and inversion algorithm to believe that such traces contain measured data. Prestack inversion will attempt to find impedances and densities that will fit all the migrated data, including unilluminated offsets that are close to zero, giving erroneous results.
To avoid such pitfalls, we first suggest that interpreters generate root-mean-square error maps of the modeled-to-measured data misfit for any inversion product. Such maps can be used in subsequent risk Figure 9 . Phantom horizon slices 80 ms below the Oswego through (a) the P-impedance volume, Z P , (b) the S-impedance volume, Z S , computed from 2°-22°input migrated gathers. Pink polygons correspond to an area of high error shown in Figure 10 . analysis. It is valuable to see the prestack gathers of different parts of the megamerge survey, but this could be really time-consuming. So, for megamerge surveys where the offsets of the constituent input survey volumes are unknown, the interpreter should generate time or horizon slices through amplitude volumes for each of the offsets. Subsequent inversions should be offset-(and implicitly, angle-) limited to include only those offsets with physically reasonable amplitudes.
